is presented favoring the identification of PAS kinase as a global regulator of both protein synthesis and sugar volume (Warner, 1999) . The simple production of the translational apparatus absorbs 60% of total transcripflux. When active, this enzyme coordinately instructs yeast cells to burn reduced fuels and enhance protein tional activity in actively growing eukaryotic cells. It is clear that so costly a metabolic process must be closely synthesis. monitored and regulated as a function of nutritional, hormonal, and developmental states.
Results

The availability of nutrients weighs heavily on the regulatory decisions made by living cells. Not surprisingly, Phenotypic Analysis of PSK Mutant Yeast
We generated strains of the yeast S. cerevisiae wherein one or both of the PAS kinase genes (PSK1 and PSK2)
S. cerevisiae provided a means by which to search for genes that might be functionally related. Genes were identified which, when provided on a high-copy plasmid, would complement the gal ts growth defect of the psk1 psk2 mutant strain. Individual suppressing plasmids were isolated, retested, and identified by DNA sequencing. A list of confirmed high-copy suppressors is shown in Table 1 .
As expected, we recovered the PSK1 and PSK2 genes as gal ts suppressors. We also recovered the SIP1 gene, which encodes one of three ␤-subunits of the SNF1 kinase complex. SNF1 has many functions including enabling growth on suboptimal carbon sources including galactose (reviewed in Hardie et al., 1998) . The ␤-subunits activate and target SNF1 kinase to appropriate substrates (Schmidt and McCartney, 2000). As such, SIP1 overexpression probably increases the efficiency of galactose utilization in a manner not directly The majority of the remaining high-copy suppressors encode gene products involved directly or indirectly in were eliminated by homologous recombination. The sinprotein synthesis, including both RNA and polypeptide gle (psk1 PSK2 or PSK1 psk2) and double knockout components of the translation apparatus (Table 1) . The (psk1 psk2) strains were indistinguishable from their pagene that exerted the strongest suppressing effect, rerental counterparts when maintained under standard storing growth of the psk1 psk2 double mutant to wildlaboratory growth conditions. The three strains were type levels, was also recovered most frequently in the compared with the parental strain under roughly one high-copy suppressor screen. The ORF present in sixhundred compromised growth conditions as described teen independently isolated plasmids is designated by Hampsey (1997) . We also assayed the four strains YDL189w in the S. cerevisiae standardized gene nomenon all medium conditions at both high (39ЊC) and low clature system. Due to its suppressive activity, we desig-(20ЊC) stress-inducing temperatures. nated this gene as RNA-Binding Suppressor of PAS One condition emerged from this synthetic phenotype kinase (RBS1). Whereas nothing has been published screen as selectively detrimental to growth of the psk1 regarding the function of RBS1, analysis of its primary psk2 double-mutant strain. Glucose is the preferred caramino acid sequence revealed the presence of an R3H bon source of S. cerevisiae and is utilized exclusively domain near the N terminus. The R3H domain is an when available (Johnston and Carlson, 1992). Among evolutionarily conserved, single-stranded nucleic acid the many alternative carbon sources used to challenge binding domain (Grishin, 1998) . Hypothesizing that this the three mutants, only galactose failed to support nucleic acid binding domain might be required for RBS1 growth of the psk1 psk2 double mutant and, to a lesser function, we generated a mutant RBS1 allele wherein extent, of the PSK1 psk2 single mutant. These defects the conserved R57 and H61 residues, located within the were exacerbated at elevated temperature (39ЊC) and on R3H domain, were changed to alanine. This mutant is minimal medium (Figure 1) (Figure 1) . positive translation factors raised the possibility that PAS kinase might function to enhance protein synthesis.
Identification of High-Copy Suppressors
If so, high-copy expression of PAS kinase itself might The identification of the psk1 psk2 mutant as a temperature-sensitive galactose utilization-defective variant of suppress deficits caused by the inactivation of proteins to express and purify ample quantities of full-length Sro9p from E. coli were unsuccessful. We found, Altmann and Trachsel, 1989). We cloned and expressed both eIF4E and Caf20p in bacteria. When assayed indihowever, that an N-terminally deleted form (Sro9p⌬N55) was amenable for purification from bacterial lysate. vidually with Psk2p and [␥-32 P]ATP, neither protein was efficiently phosphorylated. By contrast, the Caf20p proSro9p⌬N55 was phosphorylated to the same level by Psk2p as full-length Sro9p (Figure 4, lanes 14-16) . We tein, when coexpressed and purified with eIF4E, was efficiently phosphorylated by Psk2p (Figure 4 , lanes mapped the site of phosphorylation to a tryptic peptide containing threonine residues 101 and 103. Both single 5-7). We found two distinct sites of phosphorylation in Caf20p; one in the predominantly hydrophilic C-terminal mutants (T101A and T103A) were phosphorylated similarly to the wild-type protein, but the double mutant was 63 amino acids and the second in a region including serine residues 58 and 59. Both of the latter serine resiimmune to Psk2p-mediated phosphorylation (Figure 4 , lanes 16-17). As observed for phosphorylation of dues can be phosphorylated by Psk2p in a mutually exclusive manner. Either single mutant (S58A or S59A)
Caf20p, Sro9p appears to be phosphorylated by Psk2p in a mutually exclusive manner at one of two adjacent was phosphorylated as efficiently as the native protein, but the S58A/S59A double mutant was immune to residues. Psk2p-mediated phosphorylation in this region ( Figure  4, lanes 7-9) .
Genetic Relationship of PSK2 and UGP1 UDP-glucose pyrophosphorylase (Ugp1p) catalyzes the The third substrate identified in this biochemical screen is the product of the TIF11 gene, which encodes generation of UDP-glucose and pyrophosphate from We speculated that the hypersensitivity of the psk2 and psk1 psk2 mutant strains to UGP1 overexpression either be exacerbated or abrogated in a psk2 mutant strain (depending on whether PAS kinase-mediated was due to an inability of these strains to phosphorylate serine 11 of Ugp1p. If so, a mutant of Ugp1p insensitive phosphorylation activates or inactivates Ugp1p). We initially confirmed that overexpression of UGP1 (2 -UGP1)
to PAS kinase-mediated phosphorylation (S11A) should be similarly toxic to the wild-type and three psk mutant causes a modest impediment to vegetative growth on galactose-containing medium in the parental strain (Figstrains. As shown in Figure 5 , wild-type and the three psk mutant strains were equally sensitive to overexpresure 5, top row). Deletion of the two PSK genes caused a marked increase in sensitivity to UGP1 overexpression, sion of UGP1 S11A as the psk1 psk2 double mutant was to overexpression of wild-type UGP1 (Figure 5, fourth glucose, glycogen and trehalose storage should be equally affected. Whereas glycogen and trehalose levels image). Apparently, both methods of blocking phoswere equally affected by psk mutation during exponenphorylation of serine 11 by Psk, deletion of the two PSK tial growth, only glycogen was increased during stationgenes or mutation of the substrate, lead to indistinguishary phase. We therefore hypothesized that disruption able growth defects.
of at least one additional regulatory process must contribute to glycogen hyperaccumulation in the psk1 psk2 PSK Mutants Accumulate Excess double-mutant strain.
Storage Carbohydrate
The two gene products that most directly control glyThe Ugp1p enzyme catalyzes an essential step in the cogen accumulation are glycogen synthase (the enzyme synthesis of storage carbohydrates. As such, dysregulathat adds glucose monomers to glycogen), and glycotion of this enzyme might lead to inappropriate accumugen phosphorylase (the enzyme that removes glucoselation of the two major storage carbohydrates in yeast, ., 1995) . We reasoned that if Psk were to psk2 double-mutant strain has the phenotype, glycogen phosphorylate and negatively regulate Ugp1, deletion hyperaccumulation, predictive of diminished activity of of both PSK genes might cause increased storage careither a glycogen synthase kinase or glycogen phosbohydrate synthesis. Indeed, psk1 psk2 double mutants phorylase kinase. As such, we expressed and purified accumulated 3-to 4-fold more glycogen than the parenyeast glycogen synthase (Gsy2p) and glycogen phostal strain in both log and stationary phase cultures grown phorylase (Gph1p) and assayed each enzyme for phosin minimal glucose medium (Figure 6 ). Single psk muphorylation by Psk2p. Psk2p did not phosphorylate tants exhibited an intermediate glycogen hyperaccumuGph1p ( Figures 7A and 7B, lanes 1-3) , but efficiently lation phenotype, with the psk2 mutant being more afphosphorylated Gsy2p ( Figures 7A and 7B, lanes 4-6) . fected than the psk1 mutant. In log phase cultures, We mapped the site of phosphorylation to serine 654 similar results were obtained with the second major stor-( Figures 7A and 7B, lanes 6-7) , which is one of three age carbohydrate, trehalose. The psk1 psk2 double muresidues (also S650 and T667) previously shown to contant, that is, accumulated elevated trehalose relative to fer phosphorylation-mediated inhibition of glycogen the parental strain. By contrast, in stationary cultures synthase (Hardy and Roach, 1993). parental and psk mutant strains accumulated essentially
1-P from glycogen) (Figure 8). Phosphorylation of either glycogen and trehalose (Francois and Parrou, 2001). enzyme causes a net decrease in glycogen synthesis by
The posttranslational regulation of glycogen synthase equivalent trehalose stores (Supplemental Figure S1 involves at least two processes: inactivation by phosavailable at http://www.cell.com/cgi/content/full/111/1/ phorylation of the three residues mentioned above and 17/DC1). allosteric activation by glucose-6-P (Huang and Cabib, Two observations indicated that the storage carbohy1974a, 1974b). These two steps are interrelated, as the drate hyperaccumulation phenotype evident in psk1 inactivation conferred by phosphorylation can be compsk2 double mutants was not solely due to dysregulapletely reversed by saturating glucose-6-P (Roach and tion of the Ugp1p enzyme. First, an artificially induced Larner, 1976; Hardy and Roach, 1993; Rothman-Denes 40-fold increase in Ugp1p enzyme activity causes only and Cabib, 1971). Therefore, glycogen synthase meaa 2-fold increase in glycogen content (Daran et al., 1995) . surements in the presence of glucose-6-P are indicative Deletion of the two PSK genes, comparatively, caused of total enzyme concentration independent of phosa reproducible 3-to 4-fold increase in glycogen content. phorylation state. Glycogen synthase activity can be Second, glycogen and trehalose are synthesized by the expressed as the ratio of activity in the absence of glupolymerization (glycogen) or dimerization (trehalose) of cose-6-P to activity in the presence of glucose-6-P glucose from UDP-glucose. To the extent that carbohy-(Ϫ/ϩ G6P), which is inversely related to phosphorylation drate storage hyperaccumulation is due to an increase state and independent of total enzyme concentration. Extracts from exponentially growing wild-type and in Ugp1p activity and concomitant increase in UDP-psk mutant strains contained similar glycogen synthase activity with and without glucose-6-P (data not shown). The depletion of nutrients in the medium (OD 600 ϭ 1.5 in minimal medium), however, correlated with the advent of a higher glycogen synthase activity ratio in the psk1 psk2 strain relative to wild-type ( Figure 7C ). The psk1 psk2 double mutants further retained an increased activity ratio through mid-stationary phase (OD 600 ϭ 2.5). As described above, such an increase in activity ratio is indicative of glycogen synthase being hypophosphorylated in the psk1 psk2 mutant strain. Similarly, mutation of the Psk phosphorylation site, serine 654, to alanine is known to cause an increase in the glycogen synthase activity ratio (Hardy and Roach, 1993) . Thus, as demonstrated for UGP1, two independent methods of blocking phosphorylation of glycogen synthase by Psk, deletion of the PSK1 and PSK2 genes and mutational elimination of the Psk phosphorylation site, elicit similar phenotypic effects.
Discussion
Here we describe the use of two approaches aimed toward an assessment of the biological role of the two paralogous genes encoding the PAS kinase enzymes of S. cerevisiae. The first approach entailed yeast genetics, wherein cells of the psk1 psk2 double-mutant genotype were observed to grow poorly at elevated temperature when limited to galactose as the sole carbon source. We did not initially assume that the gal ts phenotype would necessarily be relevant to the biological role of PAS kinase. The combined results of biochemical and genetic approaches indicate, however, that regulation of sugar flux may indeed represent one of the two roles of this enzyme. Figure 8 summarizes the pathway by which S. cerevisiae employs galactose as an energy source. In the context of our understanding of this pathway, it is reasonably straightforward to interpret the mode of action of both high-copy suppressors and PAS kinase substrates. Under conditions of galactose utilization as the sole carbon source, it is essential that the sugar be converted through several steps into glucose-6-P in order to allow glycolytic production of ATP. In the absence of PAS kinase, we conclude that galactose falls into a shunt leading to the formation of storage carbohydrates. Overexpression of either of two paralogous phosphoglucomutase (Pgm) enzymes was found to suppress the gal Table 1 ). Of note is the previously uncharacterized RBS1 gene, monal signals that lead to an increase in translation rate do so, at least in part, by triggering phosphorylation of which was the strongest suppressor identified. It contains an R3H domain that has also been implicated in 4E-BPs and catalyzing their release from eIF4E (Gingras et al., 1999; Lawrence and Abraham, 1997) . Conversely, translational regulation (Hawkins et al., 1997) , and the integrity of the R3H domain was found to be essential many stress conditions that lead to inhibition of translation cause hypophosphorylation of 4E-BPs, thereby enfor the activity of RBS1. Second, our unbiased screen for Psk2p substrates also led to the discovery of three hancing their affinity for eIF4E (Raught et We close by comparing the proposed cell-autono- by the addition of SDS sample buffer and subjected to SDS-PAGE. Gels were stained with Coomassie Brilliant Blue, dried, and analyzed psk2::NEO) was generated by homologous recombination, replacing the entire PSK2 ORF with the NEO gene. Strain JRY30 (BHY10; by autoradiography. Proteins observed to be phosphorylated in a Psk2p-dependent manner were identified by mass spectrometry psk1::HIS3) was generated by replacing the entire PSK1 ORF with the HIS3 gene. Strain JRY40 (BHY10; psk1::HIS3 psk2::NEO) was following in-gel trypsinolysis (Rosenfeld et al., 1992 as described by Vassilev et al., 2001 ). Kinase reactions using purified proteins generated by replacing the PSK2 gene with the NEO gene in strain JRY30. Integrity of recombination in mutants was confirmed by PCR were performed identically except that the fractionated extracts were replaced by the bacterial expressed and purified polypeptide. and Southern blotting. S. cerevisiae strains CW04 (ade2 his3 leu2 trp1 ura3) and its derivative RCB1-1c (stm1::ADE2 ade2 his3 leu2
The in vitro substrates identified in this screen were isolated from the following fractions: Ugp1p-approximately 300mM NaCl elution trp1 ura3) (Coppolecchia et al., 1993) were obtained from P. Linder. All medium was prepared as described (Sherman, 1991) , and culfrom MonoQ following Ni-NTA agarose; Caf20p-approximately 350 mM NaCl elution from MonoQ following Ni-NTA agarose; Tif11p-tures were maintained at 30ЊC unless stated otherwise.
S. cerevisiae genes were amplified by PCR from genomic DNA approximately 400 mM NaCl elution from MonoQ of crude protein extract; Sro9p-approximately 250 mM NaCl elution from MonoQ derived from strain BHY10. For expression in yeast, genes were amplified with between 450 and 550 nucleotides of untranslated following Ni-NTA agarose. The phosphorylated residue for each substrate protein was identisequence both 5Ј and 3Ј to the ORF. Point mutants were generated fied by subjecting the protein to phosphorylation by Psk2p followed
